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O B J E C T I V E S The purpose of this study was to evaluate the ability of a novel cardiac magnetic
resonance (CMR) real-time phase contrast (RT-PC) ﬂow measurement technique to reveal the discordant
respirophasic changes in mitral and tricuspid valve in ﬂow indicative of the abnormal hemodynamics seen
in constrictive pericarditis (CP).
B A C KG ROUND Deﬁnitive diagnosis of CP requires identiﬁcation of constrictive hemodynamics
with or without pericardial thickening. CMR to date has primarily provided morphological assessment of
the pericardium.
METHOD S Sixteen patients (age 57  13 years) undergoing CMR to assess known or suspected CP
and 10 controls underwent RT-PC that acquired simultaneous mitral valve and tricuspid valve inﬂow
velocities over 10 s of unrestricted breathing. The diagnosis of CP was conﬁrmed via clinical history,
diagnostic imaging, cardiac catheterization, intraoperative ﬁndings, and histopathology.
R E S U L T S Ten patients had CP, all with increased pericardial thickness (6.2  1.0 mm). RT-PC
imaging demonstrated discordant respirophasic changes in atrioventricular valve inﬂow velocities in all
CP patients, with mean  SD mitral valve and tricuspid valve inﬂow velocity variation of 46  20% and
60  15%, respectively, compared with 16  8% and 24  11% in patients without CP (p  0.004 vs.
patients with CP for both) and 17 5% and 31 13% in controls (p 0.001 vs. patients with CP for both).
There was no difference in atrioventricular valve inﬂow velocity variation between patients without CP
compared with controls (p  0.3 for both). Respiratory variation exceeding 25% across the mitral valve
yielded a sensitivity of 100%, a speciﬁcity of 100%, and an area under the receiver-operating characteristic
curve of 1.0 to detect CP physiology. Using a cutoff of 45%, variation of transtricuspid valve velocity had a
sensitivity of 90%, a speciﬁcity of 88%, and an area under the receiver-operating characteristic curve of 0.98.
CONC L U S I O N S Accentuated and discordant respirophasic changes in mitral valve and tricuspid
valve inﬂow velocities characteristic of CP can be identiﬁed noninvasively with RT-PC CMR. When
incorporated into existing CMR protocols for imaging pericardial morphology, RT-PC CMR provides
important hemodynamic evidence with which to make a deﬁnite diagnosis of CP. (J Am Coll Cardiol
Img 2012;5:15–24) © 2012 by the American College of Cardiology Foundation
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16onstrictive pericarditis (CP), an important
cause of heart failure, requires accurate
diagnosis due to the potentially curative
effect of directed treatment that is distinct
rom usual heart failure therapies (1). Despite the
vailability of noninvasive modalities commonly
sed for clinical evaluation such as transthoracic
chocardiography, computed tomography (CT),
nd cardiac magnetic resonance (CMR), the diag-
osis of CP remains challenging (2–4). Although
MR can visualize the entire pericardium without
imitation imposed by body habitus or previous
urgical procedures, approximately 20% of patients
See page 25
with CP do not have pericardial thickening, and a
thickened pericardium itself is not necessarily diag-
nostic of CP (5–7). To make the diagno-
sis, it is essential to demonstrate the char-
acteristic hemodynamic changes caused by
constricted filling of the right and left
ventricles. Cine imaging may show an
early diastolic septal bounce and respiro-
phasic septal shift (8–11), or one may
infer the presence of increased right-sided
pressures by identifying inferior vena cava
(IVC) plethora; however, these secondary
findings are not diagnostic of CP.
Historically, Doppler echocardiography
has been pivotal in the noninvasive diag-
nosis of CP due to its ability to demon-
strate dissociation between intracardiac
and intrathoracic pressures and ventricular
interdependence via respiratory variations in
transvalvular inflow velocities (12–14). With this ap-
proach, one serially examines mitral valve (MV) and
tricuspid valve (TV) inflow variation over respiratory
cycles. Magnetic resonance– based real-time phase
contrast (RT-PC) imaging is capable of measur-
ing velocities with improved temporal resolution
without the need for breath holding (15). The
aims of this study were: 1) to evaluate the accuracy of
RT-PC as part of a comprehensive CMR-based
evaluation of CP; and 2) to compare RT-PC flow
measurements among patients with CP, patients
without CP, and healthy controls.
M E T H O D S
Patients. Consecutive patients (November 2009 to
ovember 2010) with known or suspected CP
s
yeferred for CMR were prospectively screened for Farticipation in an institutional review board–
pproved human subjects protocol. Ten healthy
ontrols (reference group) were recruited from ad-
ertisements for an ongoing, institutional review
oard–approved CMR technique development pro-
ocol. Exclusion criteria consisted of the presence of
echanical valves, valvular heart disease that was
ore than moderate in severity, history of right
entricular infarction, restrictive cardiomyopathy,
ignificant pulmonary disease, or atrial fibrillation at
he time of CMR examination. The reference
tandards for diagnosis of CP included: 1) standard
oninvasive imaging such as transthoracic echocar-
iography (TTE) and cardiac CT and CMR find-
ngs of respirophasic septal shift, diastolic septal
ounce, IVC plethora (2.5 cm), and pericardial
hickness 4 mm; 2) invasive hemodynamic evi-
ence from cardiac catheterization; and/or 3) intra-
perative and histopathology findings consistent
ith CP in the context of a consistent clinical
istory (2,3,5–7,14,16). The catheterization criteria
ncluded left ventricular end-diastolic pressure/right
entricular end-diastolic pressure 5 mm Hg, pul-
onary arterial systolic pressure55 mm Hg, right
entricular end-diastolic pressure/right ventricular
ystolic pressure 1/3, inspiratory decrease in right
trial pressure 5 mm Hg, inspiratory decrease in
ulmonary capillary wedge pressure/left ventricular
nd-diastolic pressure difference of 5 mm Hg,
nd systolic area index 1.1 (7).
The diagnosis of CP was adjudicated by 2 ob-
ervers blinded to CMR RT-PC imaging. All
atients must have had a clinical history in which
P was in the differential diagnosis. Then if cardiac
atheterization was available and the findings were
onsistent with CP, the diagnosis was made. The
iagnosis was further confirmed on intraoperative
nd histopathologic findings (if available). If cardiac
atheterization was not available or the findings
ere equivocal, physiological and morphological
hanges with echocardiography, CMR, and/or CT
ere used for the diagnosis. For exclusion of CP,
emodynamic changes must have been absent on
ardiac catheterization and/or echocardiography.
CMR methods. All CMR studies were performed on
1.5-T scanner (MAGNETOM Avanto, Siemens
ealthcare, Erlangen, Germany) with a maximum
radient amplitude of 45 mT/m, slew rate of 200
T/m/ms, and 12-channel phased-array coil. In
ddition to RT-PC imaging, a complete CMR
rotocol for CP evaluation included: 1) coronal,
xial, and transverse stacks of dark blood half-A B B R E V I A T I O N S
A N D A C R O N YM S
CMR cardiac magnetic
resonance
CP constrictive pericarditi
CT computed tomograph
IVC inferior vena cava
MVmitral valve
ROI region of interest
RT-PC real-time phase
contrast
TTE transthoracic
echocardiographyourier single-shot turbo spin echo images;
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172) segmented steady-state free-precession cine im-
ages in contiguous short-axis planes covering the
heart when breath holding was possible or real-time
cines when breath holding was not possible;
3) T1-weighted turbo spin echo and T2-weighted
short tau inversion recovery imaging in additional
planes of interest; 4) real-time cine imaging in the
midshort axis plane during 10 s of free breathing to
visually assess respirophasic septal shift; 5) real-time
cine imaging of the IVC for 10 s to assess IVC
plethora; and 6) multiplane late gadolinium en-
hancement imaging (see Table 1 for typical se-
quence parameters).
RT-PC ACQUISITION. RT-PC acquisition using a
custom-made sequence with through-plane velocity
encoding to simultaneously measure MV and TV
inflow velocities was performed by prescribing a
slice position across both atrioventricular valves
from a horizontal long-axis view (Fig. 1A). Patients
were instructed to breathe freely (12) with video
monitoring to ensure that several respiratory cycles
were completed during acquisition. RT-PC imag-
ing was performed with the following parameters:
Table 1. CMR Acquisition Parameters
Sequence HASTE B-SSF
Breath hold No (single shot) Yes (segmented)
Parallel acceleration GRAPPA rate 2 GRAPPA rate 2
In-plane resolution, mm 1.6 1.6 1.5 1.5
Slice thickness, mm 6 8
TR/TE, ms 2 R-R/55 3.0/1.3
Bandwidth, Hz/pixel 1,030 930
Flip angle 90° 65°
*Performed in patients unable to breath hold.
CMR cardiac magnetic resonance; B-SSFP balanced steady-state free prece
spin echo; LGE late gadolinium enhancement; TE echo time; TR repetition
short tau inversion recovery.
Figure 1. RT-PC Acquired Across MV and TV
(A) Diastolic frame from a horizontal long-axis cine acquisition show
imaging was prescribed. Resulting magnitude (B) and phase (C) im
valve (MV) (red) and tricuspid valve (TV) (green) are illustrated in bothrepetition time/echo time of 13.7 ms/2.5 ms, water
excitation pulse with flip angle of 25o, 10-mm slice
thickness, 160  120 matrix, echo-planar imaging
factor of 15, and temporal sensitivity encoding rate
of 2 (17). The aliasing velocity was set at 150 cm/s.
Shared velocity encoding was used to achieve an
effective temporal resolution of 55 ms (15,18).
RT-PC data were acquired over 10 to 20 s, and
typically 200 to 400 phases were acquired spanning
multiple cardiac and respiratory cycles. The data
reconstruction was performed in real time on the
scanner.
Image analysis. Pericardial thickness was measured
from half Fourier single-shot turbo spin echo or
T1-weighted turbo spin echo images on a worksta-
tion equipped with standardized software for CMR
image analysis (Leonardo, Siemens Healthcare).
The maximal pericardial thickness was measured in
a plane with the best depiction of the pericardium.
RT-PC velocity measurements were performed of-
fline. Regions of interest (ROIs) were drawn encir-
cling the central portion of MV and TV inflow
from velocity-encoded images (Figs. 1B and 1C)
NE T2-STIR T1W-TSE
real-time cines)* Yes Yes Yes (segmented
SE rate 3 GRAPPA rate 2 None None
3.5 2.1 2.2 1.5 1.3 1.3 2.2 2
8 8 5 8
2.3/1.0 2 R-R/60 1 R-R/33 1 R-R/4.2
1,630 930 1,030 130
74° 90° 90° 25°
; GRAPPA generalized autocalibrating partially parallel acquisitions; HASTE hal
e; TSENSE temporal sensitivity encoding; T1W-TSE T1-weighted turbo spin ech
ow the plane for through-plane real-time phase-contrast (RT-PC)
from RT-PC imaging are shown. Regions of interest for the mitralP CI LGE
No ( ) No (single shot)*
TSEN GRAPPA rate 2
2.5 1.9
8
2.8/1.1
1,150
40°
ssion f Fourier single-shot turbo
tim o; T2-STIR T2-weighteds h
agesthe phase and magnitude images.
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18and propagated across all frames. ROIs were re-
viewed in each frame to ensure that they were
within the MV and TV inflow regions. Standard
software for analysis of phase-contrast data (Argus,
Siemens HealthCare) displayed a graph of peak
velocities over time (Fig. 2). The peak velocity for
each frame was automatically obtained by Argus by
averaging of 4 neighboring pixels with the highest
velocity within the chosen ROI for each valve (Fig.
2). The velocity data were exported to an Excel
(Microsoft Corp., Redmond, Washington) worksheet
for each patient, and the peak velocities were recorded.
Early velocities (E) for MV and TV inflow in expira-
tion and inspiration were measured from the first
heart beat of the respective respiratory phase (identi-
fied from diaphragm position evident from the mag-
nitude images obtained with RT-PC acquisition).
The percentage of maximal respiratory change in
inflow velocity for the MV was calculated as follows:
(MV expiratory E  inspiratory E)/(inspiratory E)
(12,14,19). For the TV, it was calculated as: (TV
inspiratory E  expiratory E)/(expiratory E) (12).
MV and TV maximal velocity change25% (12–14)
was defined as indicating accentuated respirophasic
variation. The flow analysis, the determination of the
presence of discordant respirophasic changes between
Figure 2. Respirophasic Variation in MV and TV Inﬂow Velocitie
Two representative examples of RT-PC velocities across MV (red ba
patients’ corresponding dark blood images (half Fourier single-shot
ened pericardium. (A and B) Represent patients #8 and #3 from Tab
ing in E and A fusion (B). A  late mitral diastolic peak velocity; CM
velocity; Exp  expiratory; Insp  inspiratory; other abbreviations as inthe MV and TV, and the calculation of the degree of
this change were performed by 2 observers in consen-
sus blinded to all clinical data as well as all other CMR
findings (P.T., M.W.).
Clinical and imaging follow-up. Follow-up clinical
history was obtained in patients without a CMR
diagnosis of constriction either through follow-up
clinic visit records or telephone conversation at 3 to
6 months after the CMR study. Two of the patients
who had pericardiectomy were also referred for
follow-up CMR.
Statistical analysis. Means and SDs were calculated
or continuous data. An unpaired Student t test was
used for comparison of continuous data between
groups. All analysis was performed using MedCalc
Version 11.0 (MedCalc Software, Mariakerke, Bel-
gium). The Kolmogorov-Smirnov test was used to
assess normality of all data analyzed using paramet-
ric tests. Receiver-operating characteristic curve
analysis was performed to obtain sensitivity and
specificity.
R E S U L T S
Clinical characteristics. During the recruitment pe-
riod, 1,898 patients were referred to our CMR
RT-PC CMR
nd TV (green bars) show respirophasic variation, and the same
o spin echo and T1-weighted turbo spin echo) illustrate thick-
. Patient #3’s heart rate was 103 beats/min at acquisition result-
cardiac magnetic resonance; E  early mitral diastolic peaks by
rs) a
turb
le 2
R Figure 1.
a
a
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19laboratory, and 17 were referred specifically for the
assessment of CP. One patient was excluded due to
a history of severe pulmonary hypertension. Six of
the 10 controls were male, and the mean  SD age
was 31  10 years (range 21 to 54 years). No
control subject had any known cardiac disease or
cardiac symptoms. All subjects were in sinus
rhythm at the time of CMR. Clinical and imag-
ing characteristics of the patients are provided in
Table 2. Ten of 16 patients referred for CP
evaluation met diagnostic criteria for CP by the
reference standards (Fig. 3). All patients with CP
had classic symptoms of right heart failure and
findings of increased venous pressure in the absence
of severe left heart disease. One had a history of
pericarditis, 2 had undergone previous cardiac sur-
gery, and 1 had received mediastinal irradiation; the
remaining 6 patients had idiopathic CP. In the 6
patients not meeting diagnostic criteria for CP, the
reasons for referral included dyspnea with pericar-
dial or pleural effusion (n  5) or equivocal TTE
findings of CP (n  1, patient #12).
Table 2. Clinical Characteristics and CMR Findings of 10 Patient
Patient#
Age,
yrs Sex
Method to Conﬁrm or
Rule Out CP
Pericard
Thickness
1 56 M Cath/echo, surgery/path 4.6
2 81 M Cath/echo 5.5
3 52 M Cath, surgery/path 7.0
4 65 M Cath, surgery/path 6.9
5 55 M Cath, surgery/path 7.5
6 48 M Cath, surgery/path 5.4
7 80 F Cath/echo 6.0
8 40 F Echo/CT 5.7
9 30 M Cath, surgery/path 7.5
10 57 M Cath, surgery/path 6.0
Mean (SD) 56 (16) — — 6.2 (1.0
11 66 F Echo 1.7
12 58 F Cath 1.9
13 52 M Cath/CT 3.6
14 67 M Cath 1.6
15 56 F Echo 1.4
16 53 F Echo 2.5
Mean (SD) 57 (6) — — 2.1 (0.8
Dilated IVC was deﬁned as a diameter 2.5 cm and absence of respiratory varia
column describes potential causes for the initial presenting symptoms.
CABG coronary artery bypass graft; cath cardiac catheterization; CMR caF  female; IVC  inferior vena cava; M  male; MV  mitral valve; N  no; PathCP patients’ left ventricular ejection fraction
averaged 58  7%. Seven of 10 CP patients had
surgical and histopathologic confirmation (7,14,16).
Patients #2 and #7 had CP based on cardiac
catheterization and noninvasive imaging; pericardi-
ectomy was not pursued due to advanced age (20).
Patient #8 had advanced metastatic breast cancer
at the time of diagnosis and declined cardiac
catheterization or surgical intervention. The di-
agnosis of CP was, however, evident by clinical
history of right heart failure symptoms and pre-
vious chest irradiation with confirmatory TTE,
CT, and CMR findings excluding RT-PC flow
data. Among the 6 patients without CP, 3
patients had cardiac catheterization that con-
firmed the absence of CP, whereas 3 had echo-
cardiography with hemodynamic assessment as
well as other nonflow-based CMR findings that
confirmed the absence of CP.
Feasibility of RT-PC ﬂow measurement. RT-PC im-
ging was successfully completed in all patients
nd controls within 20 s. Because breath holding
ith (Patients #1 to #10) and 6 Patients Without (Patients #11 to
Diastolic
Septal
Bounce
Respiratory
Septal
Shift
IVC
Plethora
MV Inﬂow
Velocity
Change, %
TV Inﬂow
Velocity
Change, %
N Y Y 32 59
N Y Y 31 78
Y Y Y 57 52
N N Y 41 78
N Y Y 60 50
Y Y Y 95 87
Y Y Y 30 49
Y Y Y 37 45
Y Y Y 37 48
N Y Y 41 60
— — — 46 (20) 60 (15)
N N N 23 45
Y Y N 21 16
N Y N 19 16
N N N 5 23
N N N 7 23
N N N 21 21
— — — 16 (8) ci 24 (11)
as 50% variation in diameter between inspiration and expiration. In patients wi
magnetic resonance; CP constrictive pericarditis; CT computed tomography; es W #16) CP
ial
, mm Cause of CP
Idiopathic
Idiopathic
Recurrent
pericarditis
Post-CABG
Idiopathic
Idiopathic
Post-CABG
Radiation
Idiopathic
Idiopathic
) —
Atrial tachycardia
Obesity
Pulmonary
hypertension
Ischemic
cardiomyopathy
Idiopathic
pericardial
effusion
Idiopathic
pericardial
effusion
) —
tion thout CP, the cause of CP
rdiac cho echocardiography;
 pathology; TV  tricuspid valve; Y  yes.
t
d
i
t
r
0
i
r
n
m
as
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 5 , N O . 1 , 2 0 1 2
J A N U A R Y 2 0 1 2 : 1 5 – 2 4
Thavendiranathan et al.
Constrictive Physiology by Real-Time PC-CMR
20was not necessary, imaging was possible even in
patients with decreased respiratory capacity. All
acquired datasets yielded sufficient image quality
for analysis.
Simultaneous MV and TV inﬂow velocities. In all pa-
ients with confirmed CP, RT-PC demonstrated
iscordant respirophasic changes in MV and TV
Figure 3. Comprehensive Assessment of Patient #10 With Surgi
(A and B) Cardiac computed tomography images show extensive p
trates a restrictive ventricular ﬁlling pattern (E/A 2.0, DT 149 ms).
mitral anular velocity (E=) velocity of 16 cm/s. (E) Simultaneous left
stolic pressures (right ventricular [RV] end-diastolic pressure  left
pattern of ventricular diastolic pressures, and ventricular interdepen
capillary wedge pressure (PCWP) illustrating 5 mm Hg change in
between intrathoracic and intracardiac pressures. (G) CMR real-time
MV [red]). (H) Dark blood half Fourier single-shot turbo spin echo c
Online Videos 1 and 2. DT  deceleration time; other abbreviationsnflow velocities (Figs. 2 and 3). In these patients, the mean  SD trans-MV flow velocities at inspi-
ation and expiration were 0.7  0.3 m/s and 1.0 
.3 m/s, respectively, whereas the trans-TV veloc-
ties were 0.8  0.3 m/s and 0.5  0.2 m/s,
espectively. Kolmogorov-Smirnov tests indicated
ormality of all distributions evaluated with para-
etric statistics. The respirophasic velocity varia-
y Proven Constrictive Pericarditis
rdial calciﬁcation (arrows). (C) Transmitral Doppler inﬂow illus-
Lateral mitral annulus tissue velocity demonstrates increased early
right heart catheterization demonstrates equalization of end-dia-
ricular [LV] end-diastolic pressure 5 mm Hg), dip and plateau
ce (systolic area index 1.4). (F) Simultaneous LV and pulmonary
gradient between inspiration and expiration, a sign of dissociation
ultaneously measured transmitral and trans-TV ﬂows (TV [green],
nal image shows thickened pericardium (arrows). Please see
in Figures 1 and 2.call
erica
(D)
and
vent
den
the
sim
oroions for MV and TV inflow averaged 46  20%
C
b
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21and 60  15%, respectively, in patients with CP
compared with 16  8% and 24  11% in patients
without CP (p  0.004 for both compared with
patients with CP) and 17  5% and 31  13% in
controls (p  0.001 for both compared with pa-
tients with CP) (Fig. 3). There was no difference in
MV and TV inflow velocity variation between
patients without CP and controls (p  0.8 and p 
0.3, respectively) (Fig. 4). All patients with CP had
respiratory variation exceeding 25% across the MV,
whereas none of the patients without CP or controls
had this degree of change (sensitivity of 100% and
specificity of 100%). For trans-TV velocity, all CP
patients had respiratory variation exceeding 25%,
whereas 17% of patients without CP and 50% of
controls had a similar variation. However, using a
higher cutoff of 45% variation, 9 of 10 patients with
CP exceeded this threshold, whereas 1 of 6 patients
without CP and 1 of 10 controls had this degree of
variability (sensitivity of 90%, specificity of 88%).
Figure 5. Post-Pericardiectomy Improvement in Constrictive He
Histology and repeat CMR ﬁndings from patient #3 include histolog
hematoxylin and eosin staining (A). (B) Coronal plane half Fourier s
cardium. (C) RT-PC MV and TV inﬂows illustrate resolution of the re
Figure 4. Excluding Pericardial Constriction by RT-PC CMR
RT-PC trans-MV (red) and TV (green) ﬂow velocity curves are shown
control (B). Patient A was a 56-year-old woman and patient B was
relative to the respiratory cycle seen in patients with constrictive pe
and 2.heart rate at acquisition was 112 beats/min, resulting in E and A fusionCorroborating CMR ﬁndings of CP. All patients with
P had evident pericardial thickening (4.0 mm)
y dark blood CMR (Table 2) with a mean  SD
pericardial thickness of 6.2  1.0 mm. Cine CMR
demonstrated early diastolic septal bounce in half of
CP patients, respirophasic septal shift of the inter-
ventricular septum (Online Video 1) in 80%, and
IVC plethora (Online Video 2) in 90%. Among the
6 patients without CP, none had increased pericar-
dial thickness (4.0 mm); however, 1 patient had
an early diastolic septal bounce, and 2 patients had
respirophasic septal shift on cine imaging limited to
early inspiration (Table 2). One of these 2 patients
subsequently received a diagnosis of pulmonary
hypertension. One patient with a previous coronary
artery bypass graft had subendocardial hyperen-
hancement consistent with a previous myocardial
infarction; however, late gadolinium enhancement
was negative in all other patients. None of the
healthy controls had any abnormal CMR findings.
ynamics
f the thick pericardium with ﬁbrous tissue and inﬂammation on
e-shot turbo spin echo image shows no residual thickened peri-
phasic ﬂow variation that was seen preoperatively (Fig. 2B). The
m a patient without constrictive pericarditis (A) and a healthy
-year-old man. Both lack the characteristic discordant ﬂow pattern
rditis. DT  deceleration time; other abbreviations as in Figures 1mod
y o
ingl
spirofro
a 29
rica. Please see Online Video 3. Abbreviations as in Figures 1 and 2.
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22Clinical outcomes. At 6-month follow-up, none of the
atients without CMR diagnosis of CP required any
urther investigations for CP or developed symptoms
f right heart failure or pericardial disease.
Patients #3 and #10 were referred for follow-up
MR examination post-pericardiectomy. In patient
3 (Fig. 5), the discordant respirophasic MV and
V flow variation was absent on the post-
ericardiectomy examination, and real-time, free-
reathing cine imaging (Online Video 3) did not
emonstrate the respirophasic septal shift seen pre-
peratively (Online Video 1). In patient #10, there
ere remnant areas of pericardial thickness4 mm,
ith a slight respirophasic septal bounce; however,
he transvalvular flows were normal. Test charac-
eristics are summarized in Figure 6.
D I S C U S S I O N
In this work, we demonstrate that RT-PC CMR
acquired over 10 s of unrestricted breathing and
without electrocardiographic gating can demon-
strate the characteristic hemodynamic changes of
constrictive physiology. This technique accurately
discriminated among patients with CP, those with-
out CP, and healthy controls (Fig. 2). Similar to
respiratory cycle-dependent pressure changes seen
ith simultaneous right and left heart catheter-
Figure 6. Receiver-Operating Characteristic Curves Comparing
Patients With Constriction and Patients Without Constriction
and Controls
MV inﬂow variation of 25% had a sensitivity of 100%, a speciﬁc-
ity of 100%, and an area under the curve of 1.0. For TV inﬂow
variation of 45%, the sensitivity, speciﬁcity, and area under the
curve were 90%, 88%, and 0.98, respectively. Abbreviations as in
Figure 1.zation, discordant trans-MV and TV flow veloc- aity variations can be recorded and illustrated
simultaneously using RT-PC CMR. Similar to
Doppler echocardiography (12,14), respiratory
variation in trans-MV flow velocities exceeding
25% was seen in all patients with CP but not in
patients without CP or controls. A greater vari-
ation of 45% was seen across the TVs in
atients with CP compared with patients without
P or controls.
One of the most sensitive and specific markers of
onstrictive physiology is the demonstration of
igns of dissociation between intrathoracic and
ntracardiac pressures and ventricular interdepen-
ence, by both invasive hemodynamics and nonin-
asive imaging (7,12,14,16). TTE is the current
nitial diagnostic modality of choice in patients with
uspected CP with Doppler-measured trans-MV
elocity changes having a reported sensitivity and/or
pecificity as high as 88% to 100% in expert hands
12–14) for the diagnosis of CP. However, TTE
oes not reliably delineate pericardial thickness in
ost patients (21). Moreover, measurement of
emodynamic parameters is at times limited by
nadequate acoustic windows.
The role of CMR in pericardial disease has
volved from solely assessing ventricular function
nd pericardial thickness to including indirect as-
essment of the hemodynamic changes seen in
onstrictive physiology (2,3,8,9,11). An accurate
easurement of pericardial thickness using CMR
as a reported sensitivity and specificity of 88% and
00%, respectively, for CP when pericardial thick-
ess exceeds 4 mm (22). Other morphological
hanges supportive of CP have also been reported
2,3). Abnormal diastolic septal bounce on breath-
old steady-state free precession cine (11) and respi-
ophasic septal shift on free-breathing real-time cine
8) have been used to qualitatively illustrate constric-
ive physiology similar to cine echocardiography; how-
ver, these secondary findings can occur in conditions
ther than CP.
Our study illustrates the use of RT-PC CMR to
emonstrate discordant respirophasic variation in
rans-MV and trans-TV inflow velocities: both
nflows are acquired simultaneously, and the result-
ng display is amenable to both qualitative and
uantitative assessment. The simultaneous render-
ng of velocities across both valves through respira-
ory cycles illustrates 2 important hemodynamic
eatures of CP. The first is the discordant respiro-
hasic change in inflow velocities across the valves,
onsistent with ventricular interdependence. This is
kin to the data generated in the cardiac catheter-
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23ization laboratory where left and right ventricular
pressures are measured simultaneously during res-
piration to demonstrate increasing right heart pres-
sures and decreasing left heart pressures during
inspiration, and vice versa during expiration, so-
called discordant respiratory variation (7,16) (Figs.
3E and 3F). The second is the magnitude of
respirophasic variation in trans-MV flow that dem-
onstrates dissociation between intracardiac and in-
trathoracic pressures (12,14,16). This is identical to
respiratory flow variation seen across the MV with
Doppler TTE and decrease in the pulmonary cap-
illary wedge pressure to left ventricular pressure
gradient with inspiration with invasive catheteriza-
tion (12,14,16) (Fig. 3F). Discordant respirophasic
variation in the MV and TV flows was seen in all
patients with CP, and none of the patients without
CP or healthy controls (100% sensitivity and spec-
ificity).
The early MV inflow velocities during inspira-
tion and expiration that we obtained with RT-PC
CMR were slightly higher than those reported by
Hatle et al. (12) and Oh et al. (14) in their original
descriptions of Doppler echocardiography assess-
ment of CP. However, TV inflow velocities were
similar to those reported in both Doppler studies.
In our study, the change in trans-MV E velocity
between inspiration and expiration was 46%,
which is between the 33% and 55% reported in
previous Doppler studies (12,14). The TV varia-
tion seen in our study of 60% was higher than the
44% reported by Hatle et al. (12) but similar to
the 55% reported by Oh et al. (14). This vari-
ability is likely a reflection of the small sample
sizes in all 3 studies.
In our patients, the trans-MV inflow velocity
variation of 25% had a sensitivity and specificity
of 100% for the diagnosis of CP. For trans-TV
velocity, a 25% variation was inadequate to distin-
guish patients with and without CP. However,
using a 45% cutoff had a sensitivity of 90% and
specificity of 88%. The need for higher cutoff with
TV flow is similar to that illustrated in the 2
landmark Doppler echocardiography studies in pa-
tients with CP (12,14). As with Doppler echocar-
diography, this confirms that trans-MV flow veloc-
ity is a better marker of constrictive physiology that
trans-TV variation (12). Most interestingly, in 2
patients referred for post-pericardiectomy CMR, the
transatrioventricular valve flow variations seen preop-
eratively were not present post-operatively, further
supporting the diagnostic value of this technique. rOther findings of CP with CMR such as peri-
cardial thickness 4 mm, early diastolic septal
bounce, respirophasic sepal shift, and IVC plethora
were also demonstrated in many of our patients
with CP. However, although many of these find-
ings also support the diagnosis of CP, as has been
demonstrated by others as well as in our study, there
can be some overlap with patients without CP
(5,8 –11). Therefore, all findings along with
RT-PC imaging should be considered in combina-
tion to make a definite diagnosis of CP.
Study limitations. The limitations of this work in-
lude a small sample size, albeit comparable to that
f the previous landmark echo-Doppler studies
12,16,23). The imaging plane for RT-PC acquisi-
ion was prescribed from the horizontal long-axis
lane and would have had the expected displace-
ent with respiration. However, this is not unique
o CMR because even in Doppler echocardiogra-
hy, the sample volume changes position with
espiration (12). To minimize the impact of this
otion on flow measurements, we confirmed that
he MV and TV inflows were seen en face (Fig. 1)
n each acquired frame during acquisition and also
uring analysis moved the ROI as necessary to
nsure that it was at the center of the MV and TV
n each frame. The effective temporal resolution
ith RT-PC was 55 ms, which may be lower than
ypical Doppler echocardiography settings. How-
ver, because we sought to measure respiratory
ycle–based changes in velocities (which occur over
undreds of milliseconds), this is unlikely to have
ad a significant impact on our findings. Further-
ore, when compared with key echocardiography
tudies in the literature (12,14), the peak MV and
V inflow velocities obtained by RT-PC CMR in
ur study were similar to or higher than those
btained by Doppler echocardiography, confirming
hat true peak velocities were accurately recorded.
ll patients in our study had increased pericardial
hickness (4 mm); thus, we do not know the
ncremental value of RT-PC findings in patients
ith constriction with normal pericardial thickness
5–7). Demonstration of the classic physiological
hanges in constriction by CMR as shown in this
tudy will be essential in making the diagnosis in
uch instances. The sensitivity and specificity dis-
ussed in this paper were for differentiating patients
ith CP from those without; further studies are
eeded to compare the sensitivity and specificity of
his technique in differentiating constrictive from
estrictive cardiomyopathy.
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24C O N C L U S I O N S
This study shows that RT-PC CMR provides
noninvasive hemodynamic evidence of pericardial
constriction, similar to simultaneous right and left
heart catheterization or serial right and left heart
inflow velocities by Doppler echocardiography. We
found that the following 3 RT-PC hemodynamic
criteria defined constrictive physiology: 1) respiro-
phasic discordance in atrioventricular valve inflow
velocity variation; 2) 25% variation in MV inflow
elocities; and 3)45% variation in TV inflow veloc-Assessment of ventricular coupling
with real-time cine MRI and its value
1
1
1
1
1
1
1
tive pericarditis. Ci
2007–13.esolution imaging of pericardial morphology afforded
y CMR; its rapid acquisition allows it to be readily
ncorporated into existing CMR protocols for the
ssessment of CP. Larger studies are required to assess
he utility of a comprehensive CMR protocol with
oth hemodynamic and morphological techniques to
iagnose CP and to evaluate its ability to differentiate
P from restrictive cardiomyopathy.
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